In biomembrane fusion pathways, membranes are destabilized through insertions of amphipathic protein segments, lipid reorganization via hemifusion, protein restructuring, and dimpling of the membranes. Four classes of membrane proteins are known in virus and cell fusion. Class I virus-cell fusion proteins (fusogens) are α-helix-rich prefusion trimers that form coiled-coil structures that insert hydrophobic fusion peptides or loops (FPs or FLs) into membranes and refold into postfusion trimers. Class II virus-cell fusogens are β-sheet-rich prefusion homo-or heterodimers that insert FLs into membranes, ending in postfusion trimers. Class III virus-cell fusogens are trimers with both α-helices and β-sheets that dissociate into monomers, insert FLs into membranes, and oligomerize into postfusion trimers. Class IV reoviral cell-cell fusogens are small proteins with FLs that oligomerize to fuse membranes. Class I cell-cell fusogens (Syncytins) were captured by mammals from retroviruses, and class II cell-cell fusogens (EFF-1/AFF-1) fuse membranes via homotypic zippering. Mechanisms and fusogens for most cell fusion events are unknown. 
INTRODUCTION
Membrane fusion is a ubiquitous process by which two membranes merge to form one. Two types of biological membrane fusion exist in nature: (a) fusion inside the cells, in which the cytoplasmic monolayers fuse first (endoplasmic fusion), and (b) fusion that starts with merging monolayers topologically corresponding to the outer monolayers of plasma membranes (exoplasmic membrane fusion). The protein nanomachines that fuse endoplasmic membranes are different from the machineries responsible for exoplasmic fusion (Aguilar et al. 2013 , Igonet & Rey 2012 , Shi et al. 2012 . Here I focus on the mechanistic aspects of exoplasmic fusions discovered for virus-cell and cell-cell fusion. Model of membrane fusion via hemifusion. (a) At the state of initial contact, lipid bilayers of biological membranes are covered by membrane proteins ( pink shapes), including, among others, proteins that mediate membrane binding and fusion. Membrane-associated proteins move apart to allow (b) local close contact between two membrane bilayers and a merger of their contacting leaflets into (c) a stalklike hemifusion connection that expands into (d ) a small hemifusion diaphragm. (e) A lipidic fusion pore opens in a hemifusion diaphragm. This pore gives rise to ( f ) an hourglass fusion pore, expansion of which completes the fusion reaction. Blue lines show the bilayer surfaces formed by lipid polar heads. When present in contacting membrane leaflets, inverted cone-shaped lipids, such as lysophosphatidylcholine ( green), do not fit into the curvature of the lipid monolayer forming a stalk intermediate (c) and inhibit hemifusion. When added to distal leaflets, the same lipid fits the curvature of the fusion pore edge (e) and promotes pore opening. Adapted with permission from Chernomordik et al. 2006 . Originally published in JCB. doi: 10.1083 Well-characterized biological membrane fusion reactions are consistent with a series of lipidic intermediates proposed in the stalk-hemifusion-pore model originally published three decades ago (Kozlov & Markin 1983 , Leikin et al. 1987 ). This refined model for membrane fusion proposes that fusion of membranes is initiated by thermal deformations of envelopes that form a lipid connection that merges the contacting proximal leaflets of the fusing bilayers (Figure 1 ). This stalk undergoes radial expansion, forming a transient hemifusion intermediate in which the contacting monolayers are fused but the distal leaflets are intact. This hemifusion (half-merged) diaphragm evolves into a fusion pore in which both bilayers are merged into one (full fusion). The next stage in the process requires high energy and involves the expansion of the fusion pore until fusion is completed and the contents are mixed (Chernomordik & Kozlov 2008 , Kozlov & Markin 1983 , Leikin et al. 1987 . Compelling evidence shows that the hemifusion intermediate in the stalk-pore model is a universally conserved stage in disparate membrane-fusion events, including exocytosis, endocytosis, viral invasion, and cell-cell fusion (Chernomordik & Kozlov 2005 , Sapir et al. 2008 .
General Model for Virus-Cell and Cell-Cell Fusion
Entry of enveloped viruses into cells involves fusion between the viral envelope and host cell membranes. Viral transmembrane fusion proteins (fusogens) are necessary and sufficient for the fusion reaction. The majority of these membrane proteins are induced to undergo conformational changes when they encounter specific triggering mechanisms (e.g., binding to cellular receptors and/or low pH) (Harrison 2008 , White et al. 2008 . The conformational changes result in exposure of hydrophobic fusion peptides (FPs) or fusion loops (FLs) that interact with the membranes, causing membrane destabilization and fusion. At the postfusion conformation, many, but not all, of these proteins are in a hairpin-like conformation in which the FLs/FPs and the transmembrane domain(s) are at the same end of the fusion protein. Activation of conformational changes of fusion proteins in the absence of target membranes often results in the inactivation of the fusogens.
A great diversity of conformations is revealed by the determination of the three-dimensional structures of viral glycoproteins in the pre-and/or postfusion states (Harrison 2008 , White et al. 2008 (Figures 2 and 3) . To date, four structural classes of viral fusion proteins have been identified:
Class I fusion proteins, such as human immunodeficiency virus (HIV) gp41, have a characteristic postfusion conformation with a signature trimer of α-helical hairpins with a central coiled-coil structure. Class II fusion proteins, such as dengue E glycoprotein, have a structural signature of β-sheets forming an elongated ectodomain that refolds to result in a trimer of hairpins. These proteins lack the central coiled coil. Class III fusion proteins, such as the rabies virus G glycoprotein, combine structural signatures found in classes I and II. Class IV membrane proteins, fusion-associated small transmembrane (FAST) proteins, are encoded by nonenveloped reoviruses and are the smallest known viral-encoded fusion proteins; they are so small that they do not appear to form hairpins (Figure 3) .
Atomic resolution structures of the pre-and postfusion static conformations of viral fusion proteins reveal the starting and ending states of the fusion proteins (Figures 2 and 3) . Intermediates in the pathways of refolding have not been characterized at atomic resolution but are surmised from biophysical and biochemical characterization of the steps of the process. The stages in membrane fusion include (a) priming the prefusion state, (b) tight binding to the target membrane, and (c) additional intermediates between the prefusion and postfusion states. Here, I describe recent advances in the study of these stages in the four structural classes of viral fusogens and in two classes of cellular fusion proteins.
CLASS I VIRAL FUSION PROTEINS
The pioneering structural and functional studies of the hemagglutinin (HA) of influenza virus have been influential in the field of membrane fusion (Harrison 2008 , White et al. 2008 . Class I viral fusion proteins include proteins from different families that have little or no sequence similarity but share a strong structural conservation in the central postfusion six-helix bundle. Class I viral fusion proteins include influenza HA, parainfluenza F, HIV Env, and Ebola GP. The large diversity in sequences and viral families suggests that these proteins originated independently by convergent evolution.
Class I viral fusion proteins initially fold into trimeric, metastable prefusion forms and on triggering (e.g., receptor binding, low pH, and/or proteolytic cleavage) undergo major irreversible conformational changes to form the postfusion conformations. The refolding of the 
Figure 2
Three classes of fusion proteins from enveloped viruses. Ribbon illustrations of representative members of the three classes of viral fusion glycoproteins. Domains for the paramyxovirus (class I) and flavivirus (class II) proteins are colored and named according to Yin et al. (2005 Yin et al. ( , 2006 and Rey et al. (1995) , respectively. Domains for the rhabdovirus (class III) protein are colored and named according to Roche et al. (2007) with the exception that the central domain (CD) that was initially ascribed to two domains (DI and DII) is now considered as a single domain and corresponds to the previously described rigid block that remains invariant during the transition (Roche et al. 2007 ). The dashed lines represent the segments at the C termini of the ectodomains that connect them to the transmembrane domain (not represented ). Respective pdb codes of each protein are shown in parentheses. Adapted with permission from Elsevier. Originally published in Baquero et al. (2013) .
fusion proteins couples the energy released with membrane fusion. The postfusion conformation has been described as a trimer of hairpins (Harrison 2008 , Welch et al. 2012 , White et al. 2008 . In many class I fusion proteins, the protomers forming a trimer result from proteolytic processing of precursors into two fragments. The C-terminal polypeptide has the transmembrane domain (TM), and there is a hydrophobic FP or FL at or near the N terminus of this fragment.
In the prefusion conformation, the FPs/FLs are buried or tacked down at the protein-protein interface (Figure 2) . Two repeat regions, one downstream of the FP (HRA/HR1) and a second one upstream of the TM (HRB/HR2), have a critical function in the conformational change from the prefusion to the postfusion structures. In the postfusion conformation, HRA segments form a central trimeric coiled-coil region, and HRBs pack against the HRAs in an antiparallel a b Hydrophilic Neutral Hydrophobic Proline
Figure 3
Cell-cell fusion protein from nonenveloped reoviruses (class IV). NMR structural predictions of the p14 ectodomain in aqueous and membrane mimetic environments. Three overlaid structures calculated by solution NMR spectroscopy of the p14 ectodomain peptide in (a) aqueous or (b) DPC environments, with the N termini to the left. Under aqueous conditions, the C terminus is disordered, whereas the N terminus forms a proline-hinged loop between Pro5 and Pro13, with Phe8 and Val9 positioned at the apex of the loop and flanked by Asn residues (sidechains of these residues are shown). A membrane mimetic (DPC) induces structural transitions leading to disordering of the proline-hinged loop and formation of an amphipathic helix-kink-helix in the previously disordered C terminus. Structural dynamics of this amphiphilic ectodomain may be relevant to promoting lipid mixing between closely apposed membrane bilayers (figure courtesy of Muzaddid Sarker and Roy Duncan).
orientation (six-helix bundle). The conformation of the postfusion trimer is reminiscent of a trimer of protomers in which each subunit is a hairpin-like structure with a FP and TM located in the same end. This central structure is conserved among diverse class I fusion proteins, whereas other structural features are different (Figure 4 ).
Influenza Hemagglutinin
X-ray crystallographic studies of HA (Bullough et al. 1994 , Chen et al. 1998 , Wilson et al. 1981 , together with an influential prediction of influenza's HA postfusion structure (Carr & Kim 1993) and many elegant biochemical, cell biological, and biophysical studies (Chernomordik et al. 1997; Danieli et al. 1996; Doms et al. 1985; Kemble et al. 1994; Kim et al. 2011a; Melikyan et al. 1995; Stegmann et al. 1990; White et al. 1981 White et al. , 1982 , established HA as the first well-characterized viral fusion machinery. Influenza HA proteolytic cleavage transforms each of the three prefusion protomers into primed prefusion trimers with newly exposed N termini that contain hydrophobic residues (FPs). The TM protein HA2 is the fusion protein that initially is locked in a metastable conformation by the receptor-binding subunit HA1 (Figure 4) . Cleavage of an external loop in HA results in partial insertion of the FP into the protected interior of the trimer, forming contacts with conserved ionizable residues (Chen et al. 1998) . Subsequent exposure to low pH in the endosome is believed to protonate these residues, triggering the conformational change by which the prehairpin intermediate exposes the buried FPs toward the target membrane, driving membrane fusion (Chen et al. 1998 , Thoennes et al. 2008 . For HA, three atomic structures have been solved: the uncleaved prefusion trimer, the cleaved primed prefusion trimer, and the postfusion trimer of hairpins (Bullough et al. 1994 , Chen et al. 1998 , Wilson et al. 1981 . The fusion process may be driven by the energy released by the conformational changes or by the final low-energy postfusion conformation. Biochemical experiments support a model in which the final postfusion conformation is the driving force that opens and expands fusion pores via hemifusion lipidic intermediates (Kemble et al. 1994 , Kim et al. 2011a , Leikina & Chernomordik 2000 , Melikyan et al. 1995 . HA proteins outside the contact zone have been revealed as active participants in the later stages of HA-mediated fusion (Leikina et al. 2004) . The model of how the primed prefusion trimers are transformed into extended prehairpin transient intermediates that then refold into the postfusion trimers of hairpins requires additional kinetic and structural evidence (Ivanovic et al. 2013) (Figure 4 ). The HA model leaves unanswered the question of how other class I viruses that do not use low pH as a trigger are able to initiate the same conformational changes without protonation of ionizable residues near the FP. In addition, whether the prehairpin trimers transiently disassemble into monomers before the formation of hairpins is unknown.
Parainfluenza F Glycoprotein
The recent atomic structure of F glycoprotein of parainfluenza virus 5 (PIV5) at the cleaved prefusion primed state, together with the known structures of the uncleaved prefusion state and the postfusion conformation, bring PIV5 to the same level of static structural completeness as influenza HA (Welch et al. 2012 , Yin et al. 2006 (Figure 2 ). PIV5 has different attachment (HN) and membrane fusion (F) proteins. Throughout the virus replication cycle, F proteins of PIV5 undergo three distinct static conformations and presumably also transitions between these characterized atomic structures. It is believed that the transitions between each of the static conformations are essential for viral entry. Viral penetration requires a cooperative mechanism that involves binding of HN to a cellular receptor, followed by an interaction with F to trigger structural changes that mediate the fusion between the virus and the cell (Liu et al. 2013) . However, the proteolytic maturation in paramyxovirus F protein results in only a minor relocation of the newly generated C and N termini, compared with a major conformational change observed in influenza HA (Figure 4) . For paramyxoviruses, the interactions with the attachment proteins www.annualreviews.org • Virus and Cell Fusion Mechanismsmay replace the necessity for low pH-mediated conformational change observed for influenza HA (Steinhauer & Plemper 2012 , Welch et al. 2012 . Exposure of the FP from its buried position in F protein may be triggered by direct binding to the attachment protein during fusion-triggered conformational change (Kim et al. 2011b ). The three available structures of F protein trimer may help to decipher how pH-independent conformational changes mediate virus-cell and cell-cell fusion. One caveat to F protein structures (and all viral fusogens so far) is that all of them are ectodomains, and the TM domain may influence the stability and structure of the ectodomain. For example, the structure of the uncleaved ectodomain of human parainfluenza virus 3 fusion (F) protein revealed a six-helix bundle usually associated with the postfusion form of F (Figure 2) . Thus, the TM may be critical to maintain a metastable prefusion conformation (Yin et al. 2005) .
HIV Env Glycoprotein
Env is the only membrane protein encoded by the HIV genome. Its function is to mediate binding and fusion to the host cell membrane (Bianchi et al. 2010 , Blumenthal et al. 2012 , Melikyan 2011 . Sequential interactions between Env and its receptor (CD4) and coreceptors (CCR5 or CXCR4) activate Env. Env is a trimer, and each protomer has two noncovalently linked subunits: the receptor-binding subunit (gp120) and the transmembrane fusion subunit (gp41) (Blumenthal et al. 2012 , Melikyan 2011 . The ectodomain of gp41 has a conserved N-terminal FP, a polar region, and two heptad repeats (HR1 and HR2) with a disulfide-linked loop region between them. The stem region contains aromatic residues required for HIV pH-independent fusion (Muñoz-Barroso et al. 1999) . Partial atomic information from NMR and X-ray crystallography and electron microscopic data of HIV and other retroviral Env proteins, together with studies using diverse inhibitors, have identified intermediates in the fusion process (Melikyan 2011) . There are at least three intermediates in the structure of gp41 prehairpins (early, bridging, and fusogenic prehairpins). The transition between these intermediates appears to culminate in the postfusion hairpin that stabilizes the fusion pore (Melikyan 2011) . There is evidence that HIV uses the endocytic pathway for entry and that fusion at the plasma membrane arrests at the hemifusion stage (Miyauchi et al. 2009 ). The endocytic transport of HIV via endosomes does not appear to require low pH, but the virus may exploit dynamin, actin, and other endocytic components to enlarge the fusion pores (Blumenthal et al. 2012 , Harmon et al. 2010 , Melikyan 2011 . Specifically, the Abl kinase and Wave2 signaling complex that mediates actin reorganization and displays Arp2/3-dependent actin nucleation is involved in a posthemifusion step during HIV entry (Harmon et al. 2010) . It remains to be determined how cellular processes participate in expansion of the fusion pores, dissemination of the viruses, and signaling at the virological synapse. Thus, the virus hijacks membrane-shaping machines that facilitate pore expansion, a process that requires high energy (Blumenthal et al. 2012 , Richard et al. 2011 ).
Very few Env glycoproteins and maybe only a single trimer per virion are sufficient to initiate membrane fusion between HIV and target cells (Yang et al. 2005) . This finding suggests that the energy required for pore expansion may be provided partially by cellular machinery independent of Env (Melikyan 2011) . Other cellular and viral fusion proteins appear to require one to three fusion proteins to initiate fusion (Danieli et al. 1996 , Shi et al. 2012 , but this remains an open issue (Ivanovic et al. 2013 , Yang et al. 2005 .
Monomers as intermediates between prefusion and postfusion trimers of class I viral fusion proteins have not been characterized and do not form part of the textbook models (Figure 4) . However, the conformational change from prefusion to postfusion trimers requires breaking the threefold symmetry (Weissenhorn et al. 2007) , and the trimeric interface in the paramyxovirus F is different in the pre-and in the postfusion trimer. Therefore, the reorganization of the class I trimers may need unidentified intermediates that could have a, perhaps partial, monomeric form (see Class III Viral Fusion Proteins, below). It is not clear whether these monomeric intermediates exist and whether they are active fusogenic intermediates.
CLASS II VIRAL FUSION PROTEINS
g studies by Ari Helenius and coworkers on cell entry by alphavirus Semliki Forest virus (SFV) determined the importance of low pH-triggered conformational changes and discovered the endosomes and their central functions in fusogen-mediated virus-cell fusion (Helenius 2013 , Helenius et al. 1980 , Kielian & Helenius 1984 , White et al. 1981 . The E1 proteins of alphaviruses (Gibbons et al. 2004 , Lescar et al. 2001 and the E glycoproteins of flaviviruses (Modis et al. 2004 , Rey et al. 1995 are members of the class II fusion proteins and are believed to have a common ancestor. These viruses, except for the strictly human rubella virus, which is a distant member of the alphaviruses, cause vector-borne diseases. Flaviviruses require negatively charged lipids, such as phosphatidylserine and bis(monoacylglyceryl)phosphate, during entry and fusion in the late endosome (Nour et al. 2013 , Zaitseva et al. 2010 . In contrast, the alphaviruses Sindbis virus and SFV have cholesterol and sphingolipid requirements for fusion and infection (Kielian & Helenius 1984 , Umashankar et al. 2008 ). The rubella virus E1 glycoprotein contains an extensive membrane fusion surface and has a metal-binding site that may be involved in phosphatidylserine binding (DuBois et al. 2013) . Whereas the sequence similarity between class II fusion proteins is very low, their structures are strikingly homologous. These proteins exist as homo-or heterodimers in the prefusion state and form postfusion homotrimers (Harrison 2008) (Figure 2 ).
Model of Virus-Cell Fusion Mediated by Class II Fusogens
Class II fusion proteins are synthesized and form a complex with a viral chaperone protein in the ER. When the chaperone is cleaved, the fusion protein can trigger membrane fusion, usually at low pH in the endosome. In the prefusion state, the heterodimers (alphaviruses) or the homodimers (flaviviruses) are organized in an icosahedral lattice on the surface of the virus (Harrison 2008 , White et al. 2008 . The prefusion ectodomain lies parallel to the viral envelope, and each protomer is composed of three domains made mostly of β-sheets and connecting loops ( Figure 5 ). The FL is essential for fusion with the target membrane, and in the prefusion conformation, it is in the interface between the protomers (Klein et al. 2013 ). In the postfusion conformation, the protomers form trimers without changes in the secondary structure. Instead, domain III (DIII; immunoglobulin domain), which is connected to the C-terminal membrane-proximal stem of the ectodomain, moves toward domain I (DI) and domain II (DII), which has the FL in its distal part. This way, the DIII and the stem of each protomer form a hairpin structure in the trimer (Klein et al. 2013) . Structural intermediates between the prefusion dimer with the semilinear stem-DIII-DI-DII protomeric structure and the postfusion trimer of hairpins (stem/DIII-DI/II) have not been identified for class II fusion proteins ( Figure 5 ; Stiasny et al. 1996 , Wahlberg et al. 1992 ).
An icosahedral lattice of trimers of E1-E2 heterodimers covers the surface of SFV. E1-E2 dissociation is an early event in fusion that occurs before E1 membrane insertion. Mutagenesis studies determined that a hydrogen bond between E1 S57 and E2 H170 interacts to maintain dimer stability, explaining the dissociation of the heterodimer at the acidic pH that controls virusendosome fusion (Fields & Kielian 2013) . Other conserved histidines in E1 may also participate in pH-dependent protonation and triggering of conformational changes required for the fusion reaction (Qin et al. 2009 monomers that form in response to low pH and interaction with cholesterol (Kielian et al. 2010 ). This step is probably followed by homotrimerization and conformational changes that result in refolding into a hairpin that will culminate in the postfusion homotrimer (Wahlberg et al. 1992) .
Whether the monomers are active fusogenic intermediates, dead-end nonproductive states, or just a transient state between the prefusion dimer and a prefusion trimer has not been determined. The transition from heterodimers to homotrimers is critical for the fusion process. The identification of elusive monomeric transient intermediates that may participate in virus-cell fusion will be necessary to understand the rearrangements of the viral envelope and interactions with the target cell receptors. A clue may come from a different large family of viruses with similar structures, the bunyaviruses. The crystal structures of the bunyavirus Rift Valley fever virus (RVFV) glycoprotein C (Gc) show strong similarity to known class II alpha-and flaviviruses (Dessau & Modis 2013) . The structure of the head-to-tail dimeric glycosylated Gc is similar to the prefusion class II conformation, with a DI-II that appears to be more rigid than the hinge region in alphaand flaviviruses (Modis et al. 2003 (Modis et al. , 2004 . In contrast, the structure of the nonglycosylated RVFV Gc is monomeric and appears to represent an extended conformation that may correspond to the prehairpin extended conformation. The possible organization of the Gc dimer on the envelope of RVFV can be fitted to the asymmetric unit of the EM structure (Dessau & Modis 2013 , Huiskonen et al. 2009 ). Future work may determine fusion-intermediate stages that involve active monomers connecting the viral and the target cell membranes.
CLASS III VIRAL FUSION PROTEINS
Exhaustive mutagenesis studies combined with biochemical dissection of the biosynthesis, folding, trimerization, and membrane fusion of the vesicular stomatitis virus G glycoprotein (VSV-G) Class III: model of vesicular stomatitis virus G glycoprotein (VSV-G) rearrangements. Plausible structural transition pathways of G at the viral surface. At pH 7.5, prefusion trimers and flexible monomers are in equilibrium at the viral surface. At pH 6.7, elongated monomeric structures are observed. Whether trimerization occurs after ( pathway a) or before ( pathway b) hairpin formation is not known for VSV-G. Adapted with permission from Elsevier. Originally published in Baquero et al. (2013). 1990, Zagouras & Rose 1993) . VSV is a member of the rhabdovirus family, which also includes the rabies virus.
VSV-G Glycoprotein
VSV-G is the only class III virus fusion protein for which there are atomic structures of the pre-and postfusion conformations (Albertini et al. 2012a) (Figure 2) . These structures have four domains: a β-sheet lateral domain, a central trimerization domain, a pleckstrin homology domain (PH domain), and a fusion domain containing two very short FLs positioned at the tip of a threestranded β-sheet (Roche et al. 2006 (Roche et al. , 2007 . During the transition from prefusion to postfusion, the relative position of the fusion domain changes toward the target membrane (Figure 6 ). This conformational change involves two structural modifications: reorganization of two hinge loops connecting the PH domain to the fusion domain and elongation of the central α-helix of the trimerization domain. In addition, the stem C-terminal region close to the TM domain refolds into an α-helix that joins the trimeric central domain, forming a six-helix bundle. In this manner, the postfusion conformation acquires a hairpin-like structure, with the TM domains and FLs in the same membrane. There is in vivo evidence for a dynamic equilibrium between monomers and trimers and the role of trimerization in virus-cell fusion (Whitt et al. 1990 , Zagouras & Rose 1993 1 uncovered remarkable structural and functional similarities to VSV-G (Heldwein et al. 2006 , Maurer et al. 2013 , Stampfer et al. 2010 , Vitu et al. 2013 ).
Model of Virus-Cell Fusion Mediated by Class III Fusogens
Monomeric intermediates between pre-and postfusion states. New evidence on VSV-G monomer structure and function in the fusion process may change the models of virus-cell fusion (Albertini et al. 2012b ). The crystal structures of fusion proteins provide static models of preand postfusion conformations, but the intermediate states are not known for most viral fusion proteins. The current consensus for class I, II, and III fusion proteins is that FPs/loops become exposed at the distal part of the molecule and are positioned opposite the viral membrane, directed toward the target cellular membrane (Figures 4 and 5) . Recent structural analyses of VSV-G ectodomain monomers show that they adopt elongated conformations as the pH decreases (Albertini et al. 2012b ). These monomers are also detected at the surface of viruses by electron microscopy and therefore are proposed to be intermediates in the fusion reaction. At pH 7.5, VSV-G adopts more elongated monomeric states than at pH 8.8. Small-angle X-ray scattering and circular dichroism analyses show that there are large relative movements of the domains without shifts in the secondary structure. In addition, negatively stained viruses show monomeric ectodomains of VSV-G at pH 6.7-7.5. Based on the current biophysical and structural data, it is conceivable that monomers are intermediates during the fusion-associated conformational change; thus, VSV-G ectodomains may dissociate into monomers at the viral surface during the transition from the prefusion to the postfusion trimers (Albertini et al. 2012b , Baquero et al. 2013 ). Based on electron microscopy and tomography, Libersou et al. (2010) proposed that fusion is initiated at the flat base of the viral envelope and that trimeric G glycoproteins outside the site of contact promote fusion, cooperating to expand the fusion pores via rearrangements into regular arrays. A similar postfusion network involved in pore expansion has also been proposed for glycoprotein B of herpesvirus (Maurer et al. 2013) .
Because class I viral fusion glycoproteins undergo conformational changes similar to those of VSV-G, it is tempting to speculate that other viral glycoproteins that have a final postfusion hairpin conformation may also acquire this trimeric structure via fusogenic monomers that initially dissociate from the prefusion trimer, insert into the target membranes, and finally trimerize into the final conformation (Figure 6) . Moreover, this new model may suggest that monomers are the active forms that bring the membranes into close contact and cause fusion. This hypothesis is very different from the widely accepted view of prefusion trimers that undergo a dramatic conformational change to extend and form a postfusion trimer (Figure 4) 
CLASS IV VIRAL MEMBRANE FUSION PROTEINS
Nonenveloped orthoreoviruses and aquareoviruses lack a lipid bilayer; therefore, membrane fusion is not part of the viral entry pathway. Different species of reoviruses encode small membrane proteins that, when present on the surface of cells, induce cell-cell fusion. These FAST proteins are the smallest known autonomous protein fusogens and have distinct structural characteristics that differ markedly from enveloped virus fusion glycoproteins (Shmulevitz & Duncan 2000) ; here, I propose to name them class IV viral fusogens. FAST proteins are not essential for the viral cycle and are not present in the virus particles, but they are sufficient for membrane fusion (Shmulevitz & Duncan 2000) . As occurs in other classes of viral fusion proteins, conservation among diverse members of this family is at the level of structure and not primary sequence.
NMR of FAST Protein Ectodomains
The FAST proteins have an unusual membrane topology that positions the majority of their mass within or on the internal side of the membrane, resulting in ectodomains that are an order of magnitude smaller than those of other viral fusion proteins (Figure 3) . With only ∼20-40 residues, the ectodomains of FAST proteins have been structurally characterized using NMR, circular dichoism, and other biophysical approaches (Corcoran et al. 2004 , Top et al. 2012 ). These small, amphiphilic, dynamic ectodomains contain a diverse range of FPs, including a cystine loop, proline-hinged loop, or polyproline type-II helix in the p10, p14, or p15 FAST proteins, respectively; these motifs are essential for cell-cell membrane fusion and induce liposome lipid mixing. N-terminal myristate moieties in p14 and p15 are also required for lipid mixing and cellcell membrane fusion (Barry et al. 2010; Corcoran et al. 2004 Corcoran et al. , 2011 Top et al. 2012 ).
Model of Cell-Cell Fusion Mediated by Class IV Viral Fusogens
Figure 7 shows a model for FAST-mediated membrane fusion. FAST proteins comprise ecto-, endo-, and TM-domain fusion modules, all of which actively contribute to membrane fusion (Barry & Duncan 2009 , Clancy & Duncan 2009 , Corcoran et al. 2004 , and liquid-ordered membrane microdomains promote FAST protein oligomerization. In the absence of target membranes, the ectodomain FPs are likely sequestered from water by interaction with the donor membrane or in oligomeric FAST protein complexes. Changes in the helical structure of the TM may facilitate FAST protein migration into liquid-disordered membrane regions (M. Sarker, T. Key & R. Duncan, unpublished data), with cell-adhesion proteins mediating the close approach of a target membrane and triggered ectodomain structural changes that promote FP interaction with the target membrane. Dynamic interactions of these amphiphilic structures with closely apposed membranes, in combination with specific amino acid requirements in the TM/membrane-proximal ectodomain region (Clancy & Duncan 2009 , 2011 , are expected to alter lipid headgroup packing and hydration, increasing penetration of water molecules into the membrane to promote lipid mixing and possibly transient formation of a hemifusion stalk. Membrane-proximal hydrophobic or amphipathic endodomain motifs function as lipid-packing sensors and may lower the energy barrier to stabilize pore formation. Subsequent expansion of fusion pores needed for syncytium formation relies on cellular cofactors, some of which are recruited by the FAST protein cytoplasmic tails (endodomain). The FAST fusion proteins comprise a minimalistic approach to membrane fusion that reveals a novel way of fusing cells without the proposed gymnastics of large oligomeric viral glycoproteins from enveloped viruses.
CELL-CELL FUSION
Many biological processes require cell fusion. Cell membrane fusion is part of the process of sporulation in some bacteria (Sharp & Pogliano 2003) , and membranous nanotubes connect individual bacteria in biofilms (Dubey & Ben-Yehuda 2011) . Mating requires cell fusion for sexual reproduction in yeast. Asexual growth requires fusion of cells to form giant hypha in filamentous fungi. The exoskeleton is formed by fusion of mesenchymal cells in sea urchin larvae, and in some sponges embryonic cells fuse to form multinucleate cells (Aguilar et al. 2013) . In flowering plants, double fertilization requires two male gametes that fuse independently to form the embryo and the
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Figure 7
Class IV: model of reovirus fusion-associated small transmembrane (FAST) protein rearrangements. The FAST proteins localize and multimerize in liquid-ordered membrane microdomains containing sphingomyelin and cholesterol (blue shading represents interfacial boundaries of a membrane bilayer). These small fusogens contain three hydrophobic or amphiphilic fusion modules [ecto-, endo-, and transmembrane (TM) domains; hydrophobic regions depicted in yellow and hydrophilic in green], all of which are essential for membrane fusion (Barry & Duncan 2009 , Clancy & Duncan 2009 , Corcoran et al. 2004 ). The ectodomains are dynamic and expose hydrophobic residues (Barry et al. 2010 , Corcoran et al. 2004 , Top et al. 2012 ). In the absence of a target membrane, these residues are likely sequestered from water by interaction with the donor membrane (left) or in higher-order multimeric FAST protein complexes (Corcoran et al. 2011) . Changes in the helical structure of the TM region and ectodomain (middle; M. Sarker & R. Duncan, unpublished research), triggered by close approach of a target membrane, may allow the FAST proteins to migrate into liquiddisordered membrane regions (T. Key & R. Duncan, unpublished research), depicted here as a palmitoyl-oleoyl-phosphatidylcholine bilayer, and promote fusion peptide interaction with the target membrane. Dynamic interactions of these amphiphilic structures with closely apposed membranes, in combination with specific amino acid requirements in the TM/membrane-proximal ectodomain region (Clancy & Duncan 2009 , 2011 , are expected to alter lipid headgroup packing and hydration, increasing penetration of water molecules (red/blue particles) into the membrane to promote lipid mixing and possibly transient formation of a hemifusion stalk. Juxtamembrane hydrophobic or amphipathic sequences in the endodomain (right) partition into highly curved membranes, such as the rim of nascent fusion pores, and may mask hydrophobic defects to lower the energy barrier for stable fusion pore formation. Note: The endodomain is not depicted in the left and middle images, and the ectodomain is not depicted in the right images for simplicity's sake (figure courtesy of T. Key and R. Duncan, unpublished data).
endosperm required for nutrition of the embryo (Hamamura et al. 2011) . A conserved machinery may participate in mating in protists and plants (Hirai et al. 2008 , Liu et al. 2008 ). More than 30% of all somatic cells fuse to sculpt giant cells in diverse organs in nematodes (Podbilewicz & White 1994 , Shinn-Thomas & Mohler 2011 . Muscles are formed by myoblast fusion in arthropods and vertebrates (Abmayr & Pavlath 2012) . Wound healing in some insects requires fusion of epidermal cells (Losick et al. 2013) . In mammals, cell-cell fusion is required for fertilization and formation of diverse organs, such as eye lens, muscle, bone, and placenta (Aguilar et al. 2013) . Moreover, fusion of macrophages is part of inflammatory responses, cancer has been associated with the formation of giant cells by cell fusion (Aguilar et al. 2013 , Duelli et al. 2007 , and stem cells can also fuse (Bonde et al. 2010 , Wurmser & Gage 2002 . Thus, the process of cell fusion has been observed in diverse types of prokaryotic and eukaryotic cells.
Cell Fusion Is an Intricate Process
The process of cell fusion is multistep and complex. Cell fusion requires (a) cell fate determination, (b) cell migration, (c) cell adhesion, (d ) fusion induction, (e) plasma membrane fusion via hemifusion, ( f ) formation of pores of 1-2-nm diameter, and ( g) expansion into large fused areas of tens of micrometers; fused eukaryotic cells are completely connected, forming multinucleate giant cells (syncytia). Modification and disassembly of the adhesive junctions between the fusing cells form a continuous cytoplasmic channel; postmembrane fusion events involve rearrangements of the mixing cytoskeleton and cytoplasms (Aguilar et al. 2013 , Avinoam & Podbilewicz 2011 , Sapir et al. 2008 , Shinn-Thomas & Mohler 2011 . Surprisingly, in comparison to the understanding of the mechanisms for fusion involving enveloped viruses and intracellular membranes, very few fusion proteins have been identified and demonstrated to be fusogens. The mechanisms of some cell-cell fusions are just beginning to be unveiled (Aguilar et al. 2013 ).
Applications of Cell Fusion
Scientists have used cell fusion to form hybridomas that produce monoclonal antibodies (Kohler & Milstein 1975) ; to clone organisms by fusing oocytes to differentiated somatic cells, as in the case of Dolly (Campbell et al. 1996) ; and to reprogram nuclei of differentiated cells to pluripotent states (Pasque et al. 2010 , Yamanaka & Blau 2010 . In addition, stem cells have been observed to fuse in organisms, and these fusions may have unexpected functions (Wurmser & Gage 2002) or may cause cytological defects that could evolve into cancer (Aguilar et al. 2013 , Duelli et al. 2007 , Lazova et al. 2013 , Powell et al. 2011 . Finally, basic research in intracellular traffic and the cell cycle has used cell fusion as a tool to decipher mechanisms (Hu et al. 2003 , Rao & Johnson 1970 , Rothman et al. 1984 , Schierenberg 1984 .
CLASS I CELL-CELL FUSION PROTEINS

Discovery of Syncytins as Class I Cellular Fusion Proteins
In humans, the placenta contains one giant syncytiotrophoblast cell that originates from the fusion of more than 10 billion mononucleate cells. This colossal cell is important for the exchanges between mother and fetus. Numerous endogenous retroviruses have been integrated into eukaryotic DNA. For example, almost 10% of the human genome is composed of endogenous retroviruses. Some exceptional genes from retroviral origins have remained functional for millions of years. These are the env genes encoding class I cell-cell fusion proteins (Syncytins) (Blond et al. 1999 (Blond et al. , 2000 Frendo et al. 2003; Mi et al. 2000) . Syncytins can fuse cells in culture and have been implicated in the formation of the syncytial trophoblasts in the placenta. Structural characterizations of Syncytin revealed that it is a class I cell-cell fusogen (Gong et al. 2005 , Renard et al. 2005 ).
Evolution from Retrovirus-Cell to Cell-Cell Fusogen
Syncytins have independently and repetitively been captured and lost by mammalian genomes and remained active during placentation in different species (Aguilar et al. 2013 ). Knocking down one or both mouse Syncytins results in defects in placentation that suggest an essential role in the formation of syncytiotrophoblasts by cell fusion (Dupressoir et al. 2009 (Dupressoir et al. , 2011 . Some primate Syncytins have been shown to lose their activity in what appears to be a multistep evolutionary process (Esnault et al. 2013) . Syncytins have also been implicated in other cell-cell fusion events, such as macrophage fusion during formation of osteoclasts (Soe et al. 2011) , and their expression has been correlated to some cancers and preeclampsia (Larsen et al. 2009 , Zhuang et al. 2014 ). Trimerization of murine Syncytin A and the association of the heptad repeats (HRA/HRB; Figure 2 ) were studied by biochemical and biophysical methods. It was shown that
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HRB but not HRA peptides were able to inhibit cell-cell fusion. Thus, some Syncytins have been shown to behave as class I cell-cell fusion proteins (Figure 4 ) that function during placenta formation (Peng et al. 2007 ). The interactions between Syncytins and their receptors and the dynamic expression of different Syncytins in specific syncytial regions of the placenta are being actively explored (Ruebner et al. 2012 , Toufaily et al. 2013 . Multiple layers of transcriptional, posttranscriptional, and epigenetic regulation likely will control temporal and spatial activities of different syncytins during placentation (Henke et al. 2013 , Ruebner et al. 2012 ).
CLASS II CELL-CELL FUSION PROTEINS
Where and When Cell-Cell Fusions Occur in Caenorhabditis elegans
Analyses of the life history of the cells of C. elegans determined that 300 cells born mononucleate fuse to form multinucleate cells (Sulston et al. 1983 ). Light and electron microscopy determined which cells merge and what organs these multinucleate cells form (Hedgecock & White 1985 , Sulston et al. 1983 . To follow the fusion of epithelial cells, immunofluorescence using antibodies against apical junctions was used to determine the precise times and places of the merger of cells during development (Podbilewicz & White 1994) . The same cells fuse invariantly, but the timing and sequence of the fusions vary. Fusions start before the embryo elongates, and anterior fusions occur earlier. At the end of embryonic development, the largest cell contains 23 nuclei, and this epidermal cell grows by additional fusions during larval development to become the largest cell, containing 139 nuclei out of 959 nuclei in the adult (Podbilewicz & White 1994 ).
Live Imaging of Cell-Cell Fusion in Developing Animals
The use of a green fluorescent protein (GFP) reporter linked to a protein that localizes to apical junctions made it possible to follow the kinetics of syncytium formation and uncovered that fusion is initiated at or close to the apical junctions. The widening of the fusion pore displaces the apical junction ventrally and produces 10-50-nm vesicles at the edge of the expanding pore (Mohler et al. 1998) . The kinetics of cell fusion is highly temperature dependent in embryos, and cells fail to fuse at 10 • C (Gattegno et al. 2007 ). Dynamic cell fusions were revealed also in the tail of L4 larvae, where fusions are required for correct sculpting of the adult tail (Nguyen et al. 1999) .
Cell Fusion in Organ Formation: The Vulva as a Paradigm
C. elegans requires cell fusion to generate organ shapes in the skin, uterus, pharynx, excretory duct, hymen, tail, and glands. The vulva is the copulation and egg-laying organ of the hermaphrodite and has been studied extensively. Twenty-two cells migrate and form a stack of seven ring-shaped cells that form the vulva. Five out of the seven rings are formed by specific fusions between two or four cells (Sharma-Kishore et al. 1999) . The sequence of fusions in the vulva is invariant, and cell-cell fusion is one of the driving forces for the sculpting of normal organs in nematodes across evolution (Kiontke et al. 2007; , 2008 Sharma-Kishore et al. 1999; Shemer & Podbilewicz 2000) .
Why Cells Fuse
Genetic screens for mutants defective in cell-cell fusion uncovered genes required for the regulation and identity of the fusing cells (Alper & Kenyon 2002 , Shemer & Podbilewicz 2000 . Two allelic mutations that block fusions in most epithelial cells were identified in independent screens. Live-imaging experiments determined that the gene whose loss-of-function phenotype is epithelial fusion failure (eff-1) is essential to initiate cell-cell fusion (Mohler et al. 2002) . Based on the mutant phenotypes, the functions of cell fusion are to sculpt the body and organs of determined sizes and shapes, to restrict cell fates, and to prevent epithelial cell migrations (Cassata et al. 2005 , Shemer & Podbilewicz 2002 , Shemer et al. 2004 .
Mutant eff-1 cells fail to initiate fusion, and the membranes remain closely apposed and separated by 9-13 nm (Shemer et al. 2004) . Ectopic expression of EFF-1 in cells that normally do not fuse can result in cell-cell fusion (del Campo et al. 2005 , Shemer et al. 2004 . Low dosage or expression of partially active EFF-1 can arrest cell fusion in an intermediate stage in which the cells form pores that partially expand from 1-2 nm to 200-300 nm. Full disassembly of the apposed membranes and junctions requires higher activities and concentrations of EFF-1 and results in complete macrofusion with a ∼20,000-nm open lumen (Shemer et al. 2004) . EFF-1 is a novel type-I membrane protein that when fused to a reporter GFP can be seen accumulating in the fusion-fated borders through interactions between cells expressing EFF-1 (del Campo et al. 2005) . However, this EFF-1-GFP was unable to fuse cells (del Campo et al. 2005) . Different mutations in the extracellular domain prevent transport to the surface, and the cytoplasmic tail of EFF-1 appears to be important for efficient fusion (del Campo et al. 2005 , Mohler et al. 2002 K. Smurova, O. Avinoam & B. Podbilewicz, unpublished results) .
Mutations in a second locus identified anchor cell fusion failure (aff-1) as a gene essential and sufficient for cell fusion (Sapir et al. 2007) . Two null mutations and RNAi experiments revealed that aff-1 is required for epithelial, vulval, and myoepithelial fusions. AFF-1 is 23% identical to EFF-1, and its expression is highly regulated by FOS-1 during the generation of the tube connecting the uterus to the vulva and the generation of the hymen in C. elegans. Loss-of-function mutants have numerous morphological, behavioral, and fecundity defects. aff-1 overexpression in cells that normally do not fuse causes cell-cell fusion and lethality (Sapir et al. 2007 ).
EFF-1 and AFF-1 Are Fusogens
AFF-1 and EFF-1 are authentic cell fusion proteins because they can fuse insect and mammalian cells in culture , Podbilewicz et al. 2006 , Sapir et al. 2007 ). Genetic mosaic analyses in C. elegans demonstrated that EFF-1 must be expressed in both cells for them to fuse (Podbilewicz et al. 2006) . The homotypic nature of EFF-1-and AFF-1-mediated fusion was also shown in heterologous tissue culture cells , Podbilewicz et al. 2006 . Moreover, EFF-1-mediated cell-cell fusion occurs via the universal hemifusion intermediate (Podbilewicz et al. 2006) . The homotypic nature of EFF/AFF-mediated fusion may act as a mechanism to control and limit the size of the multinucleate cells in a developing organism.
The F Family of Fusion Proteins
Initially, the EFF/AFF family of proteins appeared to be restricted to parasitic as well as freeliving terrestrial and marine nematodes (Sapir et al. 2008 ). Based on low sequence similarities, some members of the F family have been identified in arthropods, ctenophores, a hemichordate, and a protist (Avinoam & Podbilewicz 2011 . One explanation for this unusual distribution is that these genomes were contaminated with sequences from parasitic nematodes. Alternatively, the F family may be transferred between genomes by horizontal gene transfer. Another possibility is that the conservation within this family is structural and not at the level of primary sequence, as occurs with the fusion proteins from some enveloped viruses (see above).
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Crystal Structure Reveals that EFF-1 Is a Class II Cell Fusion Protein
To determine the atomic structure of EFF-1, its ectodomain (EFF-1EC) was expressed in insect cells and purified from the medium. EFF-1EC was obtained as monomers and trimers in a 2:10 proportion. The trimer was crystallized, and its atomic structure was determined by X-ray crystallography (Pérez-Vargas et al. 2014) . The structure of the trimer and each protomer is strikingly similar to that of the postfusion class II viral fusion proteins (Figure 2) . It is composed of three domains (DI, DII, and DIII) containing mostly β-sheets stabilized by seven disulfide bonds. The stem contains the eighth pair of cysteines, which forms an S-S bond ( J. Verdin & B. Podbilewicz, unpublished results) and was not resolved in the atomic structure. The hairpin-like conformation includes the complete stem that interacts with DII in its membrane-proximal region. DIII (Ig domain) connects to DI via a hinge region, and in its C terminus it connects to the stem that ends before the transmembrane domain predicted to be positioned close to the cd loop. The fourth conserved disulfide bond stabilizes the cd loop that is not hydrophobic. Instead, the cd loop that is in the position homologous to the FL of flavi-and alphaviruses is negatively charged. Thus, the cd loop of EFF-1 is highly unlikely to act as a FL, and therefore the conservation of structure and function does not warrant a conserved mechanism (Pérez-Vargas et al. 2014) . In addition, the EFF-1/AFF-1 mechanism of action is homotypic, and the proteins must be present in both membranes for fusion to occur, whereas in the viral fusion proteins, the fusogen is present only in the viral membrane (Podbilewicz et al. 2006 ). In addition, soluble monomers inhibit fusion in mammalian cell cultures (Pérez-Vargas et al. 2014) , and trimeric ectodomains stimulate fusion (Podbilewicz et al. 2006) . In some alpha-and flaviviruses, soluble DIII can inhibit virus-cell fusion, probably by preventing conformational changes in which DIII moves from a linear prefusion conformation to a hairpin conformation in which DIII moves to a position parallel to DI+DII (Figure 8 ) (Liao & Kielian 2005) . Because addition of soluble DIII also inhibits EFF-1-mediated cell-cell fusion, similar conformational changes may occur (Pérez-Vargas et al. 2014) . However, the EFF-1-mediated fusion appears to follow a bidirectional zippering mechanism reminiscent of intracellular fusions mediated by endoplasmic machineries (e.g., SNAREs, mitofusins, and atlastins) instead of a viral, unidirectional fusion reaction that involves insertion of FPs/FLs into target membranes (Hernandez et al. 2012 , Hu et al. 2009 , Orso et al. 2009 ). This new structure reveals an unexpected evolutionary link between class II unidirectional viral fusion proteins and class II cell-cell bidirectional homotypic fusion machinery. It is not known whether viruses brought ancestral genes of this family to cells or, alternatively, some enveloped virus took a FF cellular gene and used it as a viral fusogen. An ancient class II gene apparently gave origin to both cellular and viral fusion proteins (Pérez-Vargas et al. 2014) . Both classes of fusion proteins have the same structures and functions, but they probably use very different membrane-merging mechanisms (Figure 8 ).
Cellular FF Fusion Proteins Can Substitute Viral Fusion Proteins
To determine whether FF cellular proteins that are structurally homologous to class II viral fusion proteins can replace viral fusogens, pseudoviruses were complemented with AFF-1 or EFF-1. FF class II eukaryotic proteins are functionally conserved because they can restore infection by pseudoviruses that do not contain VSV-G on their envelope. However, AFF-1/EFF-1 can fuse pseudoviruses to cells only if a member of the family is also present on the surface of the target cells. In addition, the homotypic interactions between EFF-1 and AFF-1 were promiscuous and resulted in infection of mammalian cells as long as a related FF fusogen was also expressed in the target cells (Avinoam 2012 , Avinoam & Podbilewicz 2011 , Fridman 2012 . 
Figure 8
Models of cell-cell membrane fusion: EFF-1 protein rearrangements (class II). In the top model, the protein exists as monomers in both EFF-1-expressing cell membranes in a prefusion conformation. Some monomers form dimers, and then there is assembly into trimers in trans-interactions between dimers and monomers from opposing membranes. The trimers bring both fusing membranes into close contact via a hypothetical conformational change analogous to viral class II fusion proteins and generate membrane curvature to form a hemifusion stalk that is later opened to form a fusion pore. The last conformation (postfusion) corresponds to the crystal structure and is practically identical to the viral class II postfusion structures (Pérez-Vargas et al. 2014) (Figure 2) . In the second model (bottom), the stable form of the protein in the membrane corresponds to the prefusion trimers. The trimers are also active, and the interaction is in trans by trimer-trimer tethering from opposing membranes, causing zippering of the membranes. This interaction drives the membranes to make the fusion pore. Further work and studies will be needed to examine the exact interactions and conformations required for EFF-1/AFF-1-mediated fusion. Note that the model in Figure 5 is very different from the models presented here because the EFF-1 fusion proteins are in both membranes and do not have amphipathic FLs (figure courtesy of Meital Oren, Karen Fridman, and Ori Avinoam) .
Cryoelectron microscopy and tomography revealed that AFF-1 on cellular-derived vesicles and in pseudoviruses formed supercomplexes reminiscent of flowers composed of five to six petals in which each petal is probably a trimer, as confirmed by immunogold transmission electron microscopy (Avinoam & Podbilewicz 2011 . Based on supercomplexes that have also been found in alphaviruses, it was proposed that the cooperative interactions between trimers are necessary for fusion-pore formation and expansion. Ultrastructural and functional studies on EFF-1 have shown that these active fusion proteins mediate cell-cell and virus-cell fusion. EFF-1 localizes and forms coats on micrometer-long thin plasma membrane protrusions (nanotubes) derived from mammalian cells (Avinoam 2012 , Fridman 2012 . The identification of structural and kinetic intermediates will help determine the mechanism of EFF-1-and AFF-1-mediated cell-cell fusion.
Actin and Cell Fusion
Unlike the functions of actin polymerization during cell fusion in myoblasts in mice and flies (Abmayr & Pavlath 2012 , Aguilar et al. 2013 , Gruenbaum-Cohen et al. 2012 , actin nucleation does not appear to be essential for epithelial cell fusion in C. elegans (Costa et al. 1998 , Patel et al. 2008 , Xiong et al. 2011 . In C. elegans, the actin cytoskeleton is a driving force for many morphogenetic events, and numerous proteins have been identified that act together with actin to drive morphogenesis (Marston & Goldstein 2006) . However, mutants affecting important players in actin mechanics have not been shown to block cell-cell fusion in C. elegans. Thus, fusogens are probably sufficient to fuse cells as long as the cells are in close contact and the fusion protein is present in high dosages. In Drosophila myoblasts, actin podosome-like protrusions have been proposed to be required to initiate pore formation (Onel & Renkawitz-Pohl 2009 , Sens et al. 2010 . More recently, the actin protrusions reconstituted with the adhesion machinery genetically identified in flies failed to recapitulate cell-cell fusion in a Drosophila cell culture system (Shilagardi et al. 2013) . It was necessary to express EFF-1 from C. elegans to obtain cell fusion. Thus, in Drosophila cells, the actin protrusions, together with tight adhesion mediated by integrins or Ig superfamily adhesion machinery, did not induce fusion on their own but did stimulate EFF-1-mediated fusion (Shilagardi et al. 2013) . The stimulation of EFF-1-mediated fusion in Drosophila cells, which usually do not fuse, may involve higher expression of EFF-1 on the surface of the cells in contact. Thus, actin-mediated transport of secretory vesicles or capping of the cell fusion proteins on the plasma membrane may stimulate efficient cell-cell fusion.
FF-Mediated Cell Fusion Sculpts Cells into Organs
Developmental cell-cell fusions in C. elegans are highly regulated at the transcriptional, translational, and posttranslational levels (Alper & Podbilewicz 2008) . The temporal and spatial regulation of the activities of EFF-1 and AFF-1 are very complex (Alper & Kenyon 2002 , Brabin et al. 2011 , Cassata et al. 2005 , Choi et al. 2006 , Fernandes & Sternberg 2007 , Gattegno et al. 2007 , Koh et al. 2004 , Kontani et al. 2005 , Margalit et al. 2007 , Mason et al. 2008 , Pellegrino et al. 2011 , Sapir et al. 2007 , Shemer & Podbilewicz 2002 , Walser et al. 2006 , Weinstein & Mendoza 2013 . Moreover, unexpected functions in autofusion, in which different regions of the same cell self-fuse to generate exquisite cell shapes, have recently been uncovered in tubular feeding muscles of the pharynx, the neurons, the glial cells, and the excretory duct cell that secretes fluids (Ghosh-Roy et al. 2010 , Neumann et al. 2011 , Procko et al. 2011 , Rasmussen et al. 2008 , Stone et al. 2009 ). Other unexpected functions for FF fusogens include neurons in which these fusogens normally help to sculpt dendritic trees with menorah-like shapes ) and can fix broken neurons by merging severed axons (Ghosh-Roy et al. 2010 , Neumann et al. 2011 ) and dendrites (Oren 2012). Thus, FF-mediated neuron autofusion is a strategy for efficient regeneration in C. elegans, and numerous cell types, including glia, muscle cells, neurons, and epithelial cells, require FF-mediated fusion to sculpt very diverse cellular structures. Intricate gene networks tightly control the activities of cell-cell fusogens in C. elegans (Weinstein & Mendoza 2013) . Similar transcriptional and posttranscriptional regulation of cell fusogens may control other fusion events in distinct organisms. In contrast to developmental cell fusions, viral fusions do not require complex genetic regulation.
CONCLUSIONS
What we know now about the mechanisms of viral and cell fusion is just a beginning. We still do not fully understand the protein-lipid interplay, even in the best-characterized fusion machineries, such as HIV Env-or influenza HA-mediated fusion. Two main ways in which proteins can initiate fusion are membrane insertion and dimpling. Many viral fusion proteins couple conformational changes and membrane insertion of hydrophobic peptides or loops to membrane merger. Transition from fusion initiation to expansion of fusion pores and syncytium formation can depend on the shift in the involved protein machinery from protein fusogens to intracellular proteins that control membrane shapes. Intracellular membrane bending and fusion proteins promote membrane tethering, fusion, and pore expansion. Cellular endoplasmic SNAREpins; atlastins; and other fusogenic membrane-interacting proteins, including the exoplasmic EFF-1 and AFF-1 class II fusion proteins, appear to act by deforming, zippering, and apposing membranes. The cytoskeleton that controls cell shape acts to influence cytoplasmic and cortical organization before and after membrane fusion. Even for viral fusion we still have a lot to learn about the amazingly complex multiprotein fusion machines of herpes and vaccinia viruses. The two families of cellcell fusion proteins identified so far show that class I Syncytins use a mechanism similar to that of retroviral class I viral fusion proteins. In contrast, class II cell fusion proteins (FF proteins) act very differently from their structural homologs from class II viral fusion proteins. This demonstrates that often having very similar structures and functions does not mean using the same mechanism to merge membranes. In fertilization, development, and tissue regeneration, we still need to identify most fusion proteins, as well as their regulation and complex triggering mechanisms. Lipid reorganization via stalk-pore and hemifusion intermediates is the only universally accepted pathway of biomembrane fusion, and specific lipids influence the outcome of protein-mediated membrane rearrangements and merger.
SUMMARY POINTS
1. There is a conserved pathway of lipid rearrangements via hemifusion.
2. The machinery of proteins in prefusion conformation exists as homo-or heterooligomers (often as dimers or trimers) on the surface of membranes. Proteins drive fusion by bringing membrane lipid bilayers into very tight contact, by dimpling the membranes, and/or by amphiphilic insertions.
3. Some fusion proteins interact with receptors and coreceptors on target membranes acting unidirectionally (heterotypic, as in viruses). Other fusion machineries act bidirectionally (homotypic, as in FF cell-cell fusogens).
4. For some fusion machineries, there is evidence for transient formation of monomeric intermediates. Transient oligomeric states (e.g., monomer-monomer interactions in cis or in trans) may help close the gap between membranes and induce formation of lipidic hemifusion stalks and diaphragms.
5. Generated elastic stresses are released by exposure of hydrophobic regions that interact with target membranes (e.g., fusion loops, peptides) or by a zippering mechanism without hydrophobic protein-lipid interactions.
6. Formation of postfusion conformations (often trimers of hairpins) and cooperative oligomerization of trimers (or equivalent small oligomers) form extensive coats required for opening up large cytoplasmic channels.
7. Participation of intracellular-membrane-bending machineries facilitates pore expansion and interacts with the cell fusion proteins. For cell-cell fusion, there is active disassembly of cell junctions and reorganization of the cytoplasm of the multinucleate cell.
8. Cell-cell fusion proteins remain to be found for most cell fusion events known in eukaryotic and prokaryotic sexual and somatic cell fusions.
FUTURE ISSUES
1. Mechanisms of protein-mediated membrane fusion should be deciphered.
2. Missing cell-cell and virus-cell fusion proteins should be sought.
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3. The function of lipids and cytoskeletal and other cytoplasmic membrane-bending machinery in the regulation of successful cell-cell and virus-cell fusions should be determined.
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